Realization of giant magnetoelectricity in helimagnets 
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We show that low field magnetoelectric (ME) properties of helimagnets 
Bao.5Sri.5Zn2(Fei_a:Ala;)i2 022 can be efficiently tailored by Al-substitution level. As x in- 
creases, the critical magnetic field for switching electric polarization is systematically reduced from 
~1 T down to ~1 mT, and the ME susceptibility is greatly enhanced to reach a giant value of 2.0 
X 10* ps/m at an optimum x — 0.08. We find that control of nontrivial orbital moment in the 
octahedral Fe sites through the Al-substitution is crucial for fine tuning of magnetic anisotropy and 
obtaining the conspicuously improved ME characteristics. 

PACS numbers: 75.80.-|-q, 77.80.Fm, 71.45.Gm, 75.30.Gw 
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In recent years, extensive researches on multifcrroics 
have been performed with motivations to understand the 
nontrivial cross-coupling mechanism between magnetism 
and ferroelectricity as well as to search for new materials 
applicable in next-generation devices [ll-S]. Numerous 
studies have focused particularly on the class of so-called 
magnetic ferroelectrics [iHl, 0, [l^l, in which ferroelec- 
tricity is induced by magnetic order through either in- 
verse Dzyaloshinskii-Moriya effects |6|-t8| or the exchange 
striction mechanism [l^l- Although dramatic variation 
of electric polarization P with magnetic field B, often re- 
alized in the magnetic ferroelectrics jSl], might be useful 
for application, t he p henomena occur mostly at low tem- 
peratures 0, [13] and related ME susceptibility is yet 
too small [5|. Hence, it is a longstanding challenge in the 
research of multifcrroics to improve both the operating 
temperature ll|, ll2| and the ME sensitivity [13l4l5| . 

The hexaferrite Bao.5Sri.5Zn2Fei2022 (BSZFO) with 
helical spin order is currently a unique candidate that can 
show the i?-induced ferroelectricity above room tempera- 
ture up to ~340 K [12]. However, at 300 K, its ferroelec- 
tric (FE) phase is expected to emerge at B ~1 T, which 
is too high for memory applications. Moreover, its ME 
coupling is rather weak; the MES qme = /xq 35 at 30 K 
shows a maximum value of ^1.3 x 10'^ ps/m at B ~400 
mT [1^ , which is one or two orders of magnitude smaller 
than the highest ckme'^IO^ - 10^ ps/m realized in hetero- 
geneous films 13] or strain-coupled composites (HI. 
When Zn is replaced by Mg to form a Mg2Y-type hex- 
aferrite, Ba2Mg2Fei2 22, the critical magnetic field for 
inducing P becomes extremely low, ~30 mT 1^, . On 
the other hand, a maximum operation temperature of the 
Mg2Y-type hexaferrite is expected to be lower than 195 
K. Moreover, a microscopic understanding for the low- 
ered critical magnetic field remains unclear. Therefore, 
systematic studies are further required to understand the 
origin of the intricate ME effect and improve multiferroic 
properties in the hexaferrite system. 

In this letter, we demonstrate that Al-substituted 



(a) Ba„,Sr,,Zn/Fe,.^ Al^)„0,2 (b) _ x = 0.00 _ 
[001] i/"* 




[100] [010] s. 

L 



tetrahedral 
site S, 




B = 



P = 



S= lOmT 



(c) x = 0.08 



octahedral £ 

•^2 4^F = 

off-centered 
octahedral 

B = 



o 

p^o 



S= lOmT 



FIG. 1. (a) Crystal structure of the Zn2Y type-hexaferrite 
Bao.5Sri.5Zn2(Fei_a;Ali,)i2 022 that has alternating stacks of 
magnetic S and L blocks along the c-axis. Schematic illus- 
tration of rotating magnetic moments in the L {flh) and S 
blocks (/is) in the (b) helical (a; = 0.00) and (c) heliconical 
[x = 0.08) phases under in-plane _B = T and 10 mT. fco is 
the spin modulation wave vector parallel to [001]. 



BSZFO, i.e. Bao.5Sri.5Zn2(Fei_a;Al2;)i2 022 greatly im- 
proves the multiferroic characteristics, resulting in the 
highest q;me of single-phase multifcrroics near-zero mag- 
netic field. We find that predominant substitution of Al 
ions into octahedral Fe sites with nontrivial orbital mo- 
ment is crucial for fine tuning of the magnetic anisotropy 
and thus for tailoring the ME coupling. 

Single crystals of Bao.5Sri.5Zn2(Fei_a;Alj;)i2022 were 
grown from Na20-Fe203 fiux in air [13. Crystals were 
cut into a rectangular form for electric polarization P 
measurements along the a6-plane while B was applied 
along the direction normal to the P vector in the ab- 
plane. Before the ME current measurements, each spec- 
imen was electrically poled in its paraelectric state, for 
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FIG. 2. (a) Electric polarization and (b) Ae(B)/e(3 T) = 
[e(B) - e(3 T)]/e(3 T) curves for x = 0.02, 0.04, 0.06 and 0.08 
at T = 30 K. (c) Ferroelectric phase boundaries determined 
from the Ae-maxima while ramping down B. 



example, at B = T for x < 0.05 and B = 2.5 T for x 
> 0.05 at 70 K, and cooled to the target temperature in 
the FE state (at B = 1.2 T). An LCR meter was used 
for dielectric constant e measurements at 4 MHz. While 
determined FE phase boundaries were confirmed to be 
independent of frequency from 100 - 10 MHz below 100 
K, the specific frequency was chosen because the loss was 
more or less minimal (<~0.3), and thus e{B) peaks could 
be clearly identified even up to higher temperatures. 

BSZFO is one of the Y-type hexaferrites with alternat- 
ing layers of tetrahedral Fe/Zn and octahedral Fe sites 



(Fig. 1(a)) [12|, |17|. It undergoes a thermal transition 
from a paramagnetic to a helical spin state at ~337 K, 
in which alternating stacks of magnetic L and S blocks 
develop a proper-screw-type rotation of their magnetic 
moments {fiL and fls) along [001]. In each magnetic 
block, the moment prefers to lie within the a6-plane 
rather strongly so that the moment remains so even un- 
der an in-plane B — 10 mT (modified helix phase, Fig. 
1(b)) [l3|- When B is increased further, BSZFO exhibits 
a few successive intermediate phases (I, II, and HI) and 
finally reaches a collinear ferrimagnetic phase around 2 
T. Finite P develops only in the intermediate-Ill phase 
stabilized around 1 T |12!], of which origin remains un- 
resolved. 



When a small amount of Al is substituted for Fe in 
BSZFO, we find remarkable features in curves of P vs. 
B and e vs. B (Fig. 2). All the samples yield induced P 
in finite B-windows between a lower critical field (Bc^h) 
and an upper critical field {Bc,u) (Fig. 2(a)). As x in- 
creases, i?c,L is greatly reduced, and thus a finite P is 
observed even at B ^ 1 mT for x = 0.06 and 0.08. Mean- 
while, the maximum of the electric polarization (Pmax) 
gradually increases with x up to x — 0.08. When x is 
increased further, to 0.20, the turn-on behavior of P be- 
comes broader and Pmax is substantially reduced (not 
shown). Figure 2(b) shows the magnetodielectric (MD) 
effects Ae(B)/e(3 T) = [e{B) - e{3 T)]/e(3 T) of the 
selected samples at 30 K. The Ae(i?)/e(3 T) curves ex- 
hibit maxima at positions concomitant with both i?c.L 
and PcU- Thus, the Ae-maxima can be traced to identify 
the FE phase boundaries in a wide temperature-magnetic 
field window (Fig. 2(c)). As is evident in Fig. 2(c), i?c,L 
systematically decreases from ^IT {x = 0.00) to ~1 mT 
(x = 0.08) at T = 90 K, with a step of B^ ^100 - 200 
mT per Ax = 0.01, and it becomes lower than 1 mT 
for X — 0.08 below 90 K. These results demonstrate that 
Al-substitution into BSZFO is one of the most effective 
ways to control i3c,L, down to 1 mT or even lower. 

Another conspicuous feature of Al-substituted BSZFO 
is the realization of giant ajviE at extremely low mag- 
netic fields. Figure 3(a) shows the B-dependent auE 
curves at 30 K for different x and the inset summa- 
rizes their maximum values (am)- Qim for the undoped 
sample (x — 0.00) is about 4.3 x 10^ ps/m. As x in- 
creases, am increases to 2.0 x 10"* ps/m a.t x — 0.08, 470 
times larger than at x = 0.00, and then decreases for x 
> 0.08. Such a large enhancement in am could be re- 
alized because the Al-substitution not only increases P 
but also induces P in a lower P-region. The present op- 
timal am = 2.0 X 10** ps/m is ~12 times larger than 
am ~ 1.6 X 10^ ps/m of Ba2Mg2Fei2022 [15], and 
records the highest value among single-phase multifer- 
roics [18]; for comparison, ^10^ ps/m in TbMnOa [l[ 
and TbMn205 and 4.2 ps/m in Cr203 [H have 
been reported. Bao.5Sri.5Zn2(Fei_a;Al2:)i2022 also ex- 
hibits substantial MD effects at low temperatures. Fig- 
ure 3(b) shows Ae(P)/e(3 T) curves for x = 0.08 below 
130 K. The e, showing a maximum around mT, rapidly 
decreases within low P-ranges (]P] < 50 niT), and P = 
20 mT is sufficient to induce about 6 % MD effect. Vary- 
ing X, the MD effects reached as high as 12 % for x = 
0.00 - 0.03 and 15 % for x = 0.04 - 0.12. 

The observed ferroelectricity induced at extremely low 
P is likely associated with a heliconical spin ground state. 
The emergence of spontaneous magnetization along [001] 
with the increase of x (Fig. 4(a)) supports the hypothesis 
that the Al-substitution progressively stabilizes the lon- 
gitudinal heliconical state (Fig. 1(c), left) as reported in 
Ba2Mg2Fei2 22 1 5,lB|- The estimated conical ordering 
temperature Tcon is ~20 K for x = 0.02, and it increases 
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FIG. 3. (a) B-dependence of magnetoelectric susceptibility 
(cvME ) at T = 30 K. The inset shows the maximum values 
of qme (om) for each x. (b) Intensity and 3 D-plots of mag- 
netodielectric effects (A£(B)/e(3 T)) of the x — 0.08 sample 
below 130 K in low B region < 50 mT). 



up to ~110 K for x = 0.06 and 0.08. In the phase di- 
agram of Fig. 2(c), i?c,L values for x = 0.06 and 0.08 
indeed decrease rather abruptly near their Tcon ^110 K 
to become less than 10 mT, showing a close link between 
the heliconical spin state and the extremely low i3c,L- Ac- 
cording to the spin current model Q that has explained 
induced P in various spiral- or heli-magnets, P oc kg x 
[fis X ^i]. In the present hexaferrite, ko is along [001] 
and thus the model consistently explains why P becomes 
trivial in the helical or modified helix phases (Fig. 1(b)). 
Even for the longitudinal conical state (Fig. 1(c), left), 
P should go to zero as the [jls x Al] vector, parallel to 
the spin-rotation axis of each cone, is along [001]. Under 
a small in-plane B, only the spin-rotation axis of the lon- 
gitudinal conical state is expected to align easily along 
the B-field to form a transverse conical state (Fig. 1(c), 
right), which then generates a finite P in the a6-plane. 
Therefore, it is most likely that below Tcon the spin state 
changes from a longitudinal to a transverse conical type 
across Bc,l in the x = 0.06 and 0.08 samples. 

What can be then the spin state of the FE phases in 
the low X (< 0.04) or possibly above Tcon in the high x (> 
0.06) samples, in which larger i?c,L is observed? The in- 
plane magnetization Mab curves (Fig. 4(d)) reveal some 
clues to this puzzle. According to Ref. [17| , the modified 
helix, intermediate-I, -II, -III and coUinear ferrimagnetic 
phases coincide with the first, second and third plateau, 
the steep ascent, and the last plateau regions, respec- 
tively. With these criteria, the magnetic phase bound- 
aries can be roughly estimated from Fig. 4(d); for exam- 
ple, the X = 0.02 sample exhibits magnetic phase bound- 
aries similar to BSZFO 



12l . |17| . However, we notice 



that the i?-range for the modified helix phase decreases 
progressively as x increases to 0.04. For x = 0.08 (also x 
= 0.06), the first two plateaus of Mab(5) no longer exist 
during the up-sweep, suggesting that the modified he- 
lix and intermediate-I phases change into or coexist with 
the transverse conical state. These observations suggest 
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FIG. 4. (a) The c-axis magnetization Mc measured at zero 
B after field cooling at _B = 3 T. (b) The magnetic phase 
evolution with a;, estimated from Mc{T) and M^hiT) curves, 
(c) X-ray absorption intensity for several x at the Fe 1/2,3- 
edge after subtraction of the intensity of a; = 0.00 (A/ = 
-[/(w, x)-I{u, X = 0.00)]). The data for x > 0.04 are shifted 
by every 3.5 eV for clarity, (d) M^h^B) curves at T = 30 K. 
The dashed lines represent the phase boundaries estimated 
for the down-sweep following the criteria in Ref. 17\. The 
black triangles represent -Bc.l for x = 0.02 and 0.04. 



that the in-plane magnetic anisotropy decreases with in- 
creasing X, allowing the nontrivial moment along [001] to 
develop at smaller B. Meanwhile, the location of Bc.l 
for the x — 0.02 and 0.04 (black triangles) is not any- 
more coincident with the intermediate-Ill phase bound- 
ary but is well inside the intermediate-II or modified helix 
phases. Therefore, it is likely that the low x-samples also 
form a kind of transverse conical spin state across their 
-Bc.l, which can coexist with the helical phases, and gen- 
erate nontrivial a6-components of [fls x /i^] and thus 
P. A previous study of Bao.4Sri.gZn2Fci2022 supports 
this possibility through neutron scattering and mag- 
netic torque measurements [Toj ; near the intermediate-Ill 
phase boundary, a cone of easy magnetization, compati- 
ble with the transverse conical state in Fig. 1 (c) , develops 
and coexists with a basal plane of easy magnetization, 
compatible with the helical phases in Fig. 1(b). 

To understand the role of Al-substitution microscopi- 
cally, we have performed Fe L2.3-edge X-ray absorption 
spectroscopy. The spectra taken for each x were sub- 
tracted from that of a: = 0.00 to plot the difference spec- 
tra as shown in Fig. 4(c). The systematic increase in the 
intensity of the difference spectra near the octahedral Fe 
-^2,3-edge supports that Al replaces the octahedral Fe- 
sites in proportion to x. Furthermore, comparative neu- 
tron diffraction studies for x = 0.00 and 0.06 produced a 
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good refinement for x = 0.06 when the fraction of Al ions 
at the octahedral (tetrahedral) sites are 0.9920 (0.0080), 
directly supporting that Al ions mostly replaces the oc- 
tahedral Fe sites for x = 0.06. These results support that 
Al ions in Bao.5Sri.5Zn2(Fei_a;Al2:)i2 22 highly prefer to 
occupy the octahedral Fe sites. 

Moreover, magnetic circular dichroism measurements 
at the Fe L2,3-edge in the undoped sample revealed a con- 
siderable orbital magnetic moment of 0.30 ±0.1 /is/f.u. 
along the a&-plane [20|. Note that ionic Fe^^ has a half- 
filled configuration and its total angular momentum 
L = 0. Thus the orbital moment is expected to vanish. 
If the Fe'^+ ion, however, is not at the center of an octa- 
hedron, i.e., off-centered, then the hybridization with O 
2p becomes anisotropic and contributes a non-vanishing 



orbital moment, as observed in GaFeOs [2l[. Accord- 
to our structural refinements as well as those in Ref. 
the Fe^+ ions in the green octahedra (Fig. 1(a)) are 
indeed off-centered, being shifted along the c-axis, which 
results in the nontrivial orbital moment and the easy spin 
axis in the afe-plane. Based on the octahedral site prefer- 
ence of the AP+ ions, it is likely that the main role of the 
Al-substitution is to reduce the magnetic anisotropy en- 
ergy, through either dilution of the off-centered Fe'^+ sites 
or reduction of their off-centering deformation. Indeed, 
subsequent measurements for a x = 0.08 sample showed 
decrease of the in-plane orbital magnetic moment by ~20 
% [1^ . As a consequence, the magnetic moment can tilt 
away from the a6-plane more easily with Al-substitution, 
resulting in reduced -Bc,l at low x, and the heliconical 
spin state seems to emerge for x — 0.06 - 0.08 with re- 
duced in-plane anisotropy. Therefore, decrease of the in- 
plane orbital moment with the Al-substitution seems to 
be an essential process for lowering magnetic anisotropy 
and thus improving the low field ME response j22i] . 

The mechanism uncovered here is also applicable to 
Ba2Mg2Fei2 22 O [3], in which Mg^+ ions occupy 
both tetrahedral and octahedral Fe sites in an arbi- 
trary fraction. Here, the partial occupation of Mg^+ in 
the octahedral Fe-sites seems to also reduce the mag- 
netic anisotropy [i^, via the decrease of the orbital mo- 
ment. In comparison, Al-substitution in BSZFO seems 
to be more effective for systematic control of magnetic 
anisotropy and -Bc.l as it can directly control the orbital 
moment in the system. 

Finally, it is noteworthy that the helical spin order- 
ing temperatures of Al-substituted BSZFO remain rela- 
tively high (Fig. 4(b)); for instance, Tn — 337 K at a: 
^ 0.00 and 263 K at a; = 0.08. Although the FE phase 
boundaries could not be determined above 220 K due 
to electrical leakage, we expect that the low S-induced 
FE switching will be observable up to Tn upon further 
optimization of the resistivity. In our recent work on a 
heat-treated BSZFO sample, i?c,L could be determined 
up to Tn = 315 K due to dramatic increase of resis- 
tivity [2J|. Therefore, there is high hope that the Al- 



substituted BSZFO also exhibits low i3-induced ferro- 
electricity even near room temperature. 

In summary, we have shown that Al-substitution into 
hexaferrites provides an unprecedented opportunity to 
decrease effectively the critical magnetic field for inducing 
ferroelectricity as well as to obtain gigantic low field mag- 
netoelectricity through the control of orbital moment. 
Upon optimization of spin ordering temperature and elec- 
trical resistivity, the helimagnetic insulators may provide 
a pathway to the realization of novel magnetoelectric de- 
vices at room temperature under low magnetic fields. 
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